We report that 1T-TiSe 2 , an archetypical layered transition metal dichalcogenide, becomes superconducting when Ta is substituted for Ti but not when Nb is substituted for Ti. This is unexpected because Nb and Ta should be chemically equivalent electron donors. Superconductivity emerges near x = 0.02 for Ti 1-x Ta x Se 2 , while for Ti 1-x Nb x Se 2 , no superconducting transitions are observed above 0.4 K. The equivalent chemical nature of the dopants is confirmed by X-ray photoelectron spectroscopy.
INTRODUCTION
Layered transition-metal dichalcogenides (TMDs) have been studied for decades as archetypical examples of materials where superconductivity is balanced against a competing charge density wave (CDW) state. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The superconducting and CDW transition temperatures in this family can be tuned by changing electron count through chemical substitution or intercalation (e.g. refs. [11] [12] [13] , using high pressure (e.g. refs. [14] [15] [16] [17] , or gating 18 ). 1T-TiSe 2 is one of the simplest and most widely studied TMDs, undergoing a transition to a CDW state at about 200 K in its native form 19 and becoming a superconductor when put under pressure or electron doped through intercalation. In Cu x TiSe 2 , Cu donates electrons to the TiSe 2 layers, and superconductivity is induced with a maximum T c of 4.2 K. This observation has triggered a great deal of recent activity on long-studied 1T-TiSe 2 (e.g. refs 13, and 19-24) , especially as the superconducting phase is proposed to be an example of an exciton condensate. Similarly, Pd-intercalated TiSe 2 is also superconducting. 24 Here we report the observation of superconductivity in 1T-TiSe 2 induced by doping with electrons through partial substitution of Ta for Ti, in materials of the type Ti 1-x Ta x Se 2 . We find that for Ti 1-x Ta x Se 2 the CDW transition remains present and a superconducting state emerges near x = 0.02 with a maximum T c of 2.2 K at x = 0.2.
In contrast, we find that similarly made and tested isostructural and chemically isoelectronic Ti 1-x Nb x Se 2 is not superconducting above 0.4 K. This is unexpected because both Nb and Ta have 5 valence electrons, and thus should simply donate their electrons to the conduction band of 1T-TiSe 2 , which is dominated by normally empty Ti (4 valence electrons) electronic states. This conventional electronic picture is verified by our chemical spectroscopy (X-ray photoelectron spectroscopy (XPS)) measurements, and our ARPES characterization of the materials shows that electrons are indeed donated to the formerly empty conduction band in 1T-TiSe 2 by both substitutions, but also that there are some significant differences. Consistent with the ARPES characterization, the Nb substitution leads to a lower electronic density of states than the Ta substitution, inferred from specific heat measurements. Further the Nb substituted material shows non-metallic resistivity behavior, in contrast to the metallic and superconducting behavior induced by Ta substitution. Finally, we construct a composition-dependent superconductivity phase diagram for many dopants in the archetype 1T-TiSe 2 system, comparing Ti 1-x Ta x Se 2 , Ti 1-x Nb x Se 2, Pd x TiSe 2 and Cu x TiSe 2 . The phase diagram shows that the superconductivity that is induced in doped 1T-TiSe 2 is dramatically dependent on the chemical method used to change its electron count. This result for the TMD 1T-TiSe 2 is in contrast to what is found for other important superconducting systems, such as the iron arsenides, where substitutions of many different kinds induce nearly equivalent maximum superconducting T c 's at the same electron count. [25] [26] [27] Our results show that what appear to be chemically equivalent electron donors are in fact not at all electronically equivalent in this system. If this is frequently the case, then it raises significant general issues in the search for superconductivity in all doped materials, where chemically equivalent dopants are only rarely individually tested.
EXPERIMENTAL SECTION
Polycrystalline samples of Ti 1-x Ta x Se 2 and Ti 1-x Nb x Se 2 were synthesized in two steps by solid state reaction. First, the mixtures of high-purity fine powders of Ta (99.8%) or Nb (99.8%), Ti (99.9%) and Se (99.999%) in the appropriate stoichiometric ratios were thoroughly ground, pelletized and heated in sealed evacuated silica tubes at a rate of 1 o C/min to 700 o C and held there for 120 h.
Subsequently, the as-prepared powders were reground, re-pelletized, and sintered again, heated at a rate of 3 o C/min to 700 o C and held there for 120 h. Single crystals of selected compositions were grown by the chemical vapor transport (CVT) method with iodine as a transport agent. Two-gram as-prepared powders of Ti 0.8 Ta 0.2 Se 2 or Ti 0.8 Nb 0.2 Se 2 were mixed with 100 mg iodine, sealed in evacuated silica tubes and heated for one week in a two zone furnace, where the temperature of source and growth zones were fixed at 675 o C and 725 o C, respectively. The identity and phase purity of the samples were determined by powder X-ray diffraction (PXRD) using a Bruker D8 Advance ECO with Cu Kα radiation and a LYNXEYE-XE detector. To determine the unit cell parameters, LeBail fits were performed on the powder diffraction data through the use of the FULLPROF diffraction suite using Thompson-Cox-Hastings pseudo-Voigt peak shapes. 28 was carried out in a 5T applied AC field. Specimens for the electron diffraction studies in a transmission electron microscope were obtained from synthesized samples crushed in a dry box and transported to the microscope in ultra-high vacuum.
Temperature-dependent electron diffraction measurements were performed at Brookhaven National Laboratory on a JEOL 2100F microscope equipped with a liquid-helium cooled sample holder. The angle-resolved photoelectron spectroscopy (ARPES) measurements were conducted at beamlines 10 and 12 of Advanced Light Source, Lawrence Berkeley National Laboratory using Scienta electron analyzers set to overall resolution of 25 meV and 0.3°. Two-dimensional angular maps were assembled at BL10 from multiple line scans taken by rotating the analyzer around the axis parallel to its slit. Samples were cleaved at 15 K in ultrahigh vacuum of 5×10 -9 Pa and all the data were collected at 15 K. The phonon spectra of Nb-and Ta-doped TiSe 2 were probed using micro-Raman spectroscopy. In layered TMDs this can be challenging due to their strong tendency to oxidize at the surface. Thus we performed the experiments entirely in a glovebox with argon atmosphere, with samples being freshly cleaved just before the measurement. This was achieved with a WITec alpha300R spectrometer customized to work inside an Ar-filled glovebox. The sample was excited with unpolarized light at 532 nm with the reflected and Raman scattered light collected in a backscattering configuration. The reflected light was removed using an edge filter, resulting in a lower cut-off of 85 cm -1 . To avoid unwanted heating, the power was kept below 20 μW and focused to a spot size approximately 1 μm in diameter . Results shown are the average of at least 6 such measurements, corrected for the integration time and laser power. To confirm the single crystal nature and reproducibility, all spectra were confirmed by measuring spots millimeters apart. X-ray Photoelectron Spectroscopy (XPS) characterization was performed with a VG ESCA Lab Mk.II instrument. All spectra were obtained using Mg Kα radiation (1284 eV) and 20 eV pass energy. NbSe 2 , Ti 0.8 Nb 0.2 Se 2 , Ti 0.8 Ta 0.2 Se 2 polycrystals and TaSe 2 single crystals were placed on carbon tape attached to separate metal sample holders. Usually, the Carbon 1s (C1s) peak originating from adventitious carbon on the sample surface is used for calibration purposes. But as the samples were polycrystalline, C1s signal from the carbon tape could not be obviated. Thus, to compensate for the charging effects, the sample holders were biased at +10 volts 29 .
Since, the surface of the polycrystals and single crystals were oxidized due to ambient oxidation; TiO 2 , Nb 2 O 5 , Ta 2 O 5 formed at the surface of the samples were used for comparison and calibration. All scans were taken with a 0.05 eV step size and 0.5 s dwell time. The resolution of the instrument is less than 0.1 eV. The obtained scans were fit with Casa XPS using a Shirley background, area and positions were constrained using standard values.
Results and Discussion
First we consider the chemistry and structures of the Ti 1-x Ta x Se 2 and Ti 1-x Nb x Se 2 systems. 1T-TiSe 2 is a layered compound with trigonal symmetry. 30 The Ti atoms, which are in octahedral coordination with Se, form planar TiSe 2 layers of edge sharing octahedra. These layers are bonded to each other by van der Waals forces.
Previous work has shown that when Cu atoms are intercalated to form the Cu x TiSe 2 superconductor, they occupy positions between the TiSe 2 layers . 13 Here we find from our high quality single crystal structural analyses of Ti 0.9 Ta 0.1 Se 2 and Ti 0.8 Nb 0.2 Se 2 that when Ta or Nb atoms are substituted for Ti, they substitute directly on the Ti site, replacing some of the Ti in the octahedra. There are no interstitial atoms in either case, to a high level of precision, and both structures are that of ideal 1T-TiSe 2 (see Table   1S and Table 2S Supplementary Information). Figure 1a shows the powder x-ray diffraction patterns for selected members of both families. The results show that single phase solid solutions are indeed formed in these systems. The solubility limit for intercalated Cu in TiSe 2 is x ≈ 0.11. However, in the substitution case, the solubility limits for Ti 1-x Ta x Se 2 and Ti 1-x Nb x Se 2 in the 1T structure phase are x ≈ 0.9 and x ≈ 0.7, respectively; at higher doping contents, the 2H-type TMDC structure is found for both Ti 1-x Ta x Se 2 and Ti 1-x Nb x Se 2 .
The composition dependence of the room temperature lattice parameters for 1T- Because superconductivity ultimately arises from electron-phonon coupling in conventional materials, we look further into the potential differences between the doped systems by comparing their phonon spectra, probed by Raman scattering, to that of undoped TiSe 2 . The Raman spectra for 1T-TiSe 2 and the 15% Nb and Ta doped samples are shown in Figure 3i . The 1T-TiSe 2 Raman spectrum is in good agreement with previously published studies 43, 44 . Specifically, we observe a strong A 1g peak at 200 cm -1 and an E g peak at 136 cm -1 (the symmetries were established in previous studies). The Nb-doped sample produces a near identical spectrum to that of undoped TiSe 2 . Interestingly, the E g mode is unaffected by Ta-doping, while two significant differences are observed near the A 1g mode. Specifically, the A 1g mode shifts to lower energies, while a new mode appears above it. This is best seen in Figure 3j where we focus on just the region near the A 1g mode. By fitting with two Lorentzians, we find that the A 1g mode has been shifted down to ~197 cm -1 while a new mode has appeared at ~213 cm -1 . The shift of the A 1g mode to lower energies is consistent with previous studies of 1T-TaSe 2 , where the mode is found at 190 cm -1 with no others in this range 45 . 1T-TaSe 2 has only been measured in its commensurate CDW state. Nonetheless, from group theory, we would not expect an additional mode in the absence of a CDW distortion. 2H-TaSe 2 does possess a mode very close to the observed new mode, but 2H-TaSe 2 could not be present as a separate phase because it would display two additional modes in the studied frequency range (at 210 cm -1 and at 240 cm -1 ) 46 . Given the high doping levels in Ti 0.8 Ta 0.2 Se 2 this could instead be a local defect induced mode resulting from the Ta doping. Ta is quite a bit heavier than Ti, however and as such is expected to produce local modes below the bulk modes and not above as is observed here. Ultimately further studies using polarization and/or temperature dependence could potentially rule out the different scenarios for the origin of this mode. Nonetheless, the emergence of superconductivity in Ta doped TiSe 2 , and its absence with similar levels of Nb doping may, in addition to the differences in the electronic densities of states, also lie in the difference in the way these dopants modify the phonon modes of the materials.
Finally, the electronic phase diagram as a function of temperature and doping level for many electron-doped 1T-TiSe 2 systems is summarized in Figure 4 . For comparison to the present results for 1T-Ti 1-x Ta x Se 2 and 1T-Ti 1-x Nb x Se 2 the electronic phase diagrams for Cu x TiSe 2 and Pd x TiSe 2 are included in the figure. The CDW signature in the resistivity gets weaker with higher x content in Ti 1-x Ta x Se 2 , and the CDW transition is driven down only slightly in temperature. This is different from the case in Cu x TiSe 2 , in which the CDW transition in TiSe 2 is driven down substantially in temperature with increasing Cu content, followed by the emergence of a superconducting state. 13 In the Ti 1-x Ta x Se 2 system, the x dependence of T c displays a dome-like shape that is broad in composition. The superconducting state appears for with intercalants that strongly bond the layers together, Ta-doped 1T-TiSe 2 is likely to be highly suitable for that purpose since the van der Waals bonding between MX 2 layers remains undisturbed in the superconducting material and exfoliation is expected to be relatively easy. 
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Figure 1 Structural and chemical characterization of Ti
